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Systems physiology is an integrated disci-
pline. It combines experimental, computa-
tional, and theoretical studies to advance 
our understanding of the physiology of 
human and other living creatures. In other 
words, systems physiology is systems biol-
ogy with a physiology (i.e., functionally)-
centered view. Understanding the principle 
behind the system is one of the fundamen-
tal challenges in systems physiology and 
systems biology. One can not make the 
use of sophisticated computational mod-
els or arrays of biological data to deepen 
our understanding of biological function 
without in-depth insights into the systems 
as a whole. For example, robustness and its 
trade-offs have been proposed as a funda-
mental principles (Kitano, 2004, 2007). This 
view, although still speculative, provides a 
framework for the conceptualization of data 
and observed phenomena. Identiﬁ  cation of 
a series of such principles and their rela-
tionships can enrich our understanding of 
biological systems. The beauty of a good 
theory is that it reshapes our view of the 
world, so that the same data and phenom-
ena may be re-interpreted in the light of the 
introduced concepts. Such transformation 
of our conceptualization often leads to true 
advances in science.
While such theoretical and explorative 
research are expected, it is also important to 
consolidate various efforts to achieve high 
impact objectives; these efforts are often 
referred as “Grand Challenges.” Deﬁ  ning 
grand challenges provide an effective 
approach that both illuminates unresolved 
issues and helps focus research effort on these 
problems and thereby advances the state-
of-the-art in systems physiology. It is most 
effective when used for  engineering-oriented 
projects where progress can be made by 
the effective coordination of research and 
development programs along with a series 
of technological innovations, rather than 
merely waiting for serendipitous explora-
tions. While basic scientiﬁ  c explorations 
are still indispensable and much needed 
in this ﬁ  eld, it is also true that coordinated 
efforts on relatively well-deﬁ  ned missions 
can dramatically change the way we do sci-
ence and apply it to medical practice. In this 
article, I attempt to deﬁ  ne a series of grand 
challenges that are interlinked and designed 
to accomplish the ultimate goal of creating 
an integrated understanding and platform 
for human healthcare services, biomedical 
research, and drug discovery.
The grand challenge is to create highly 
accurate and broad coverage computational 
model of organisms that are backed up by 
well-controlled high precision experimental 
data. In practice, the true challenge is not 
only to build such a model, but also to estab-
lish a system of technologies that enable us to 
build these models cost-  effectively, because 
these models must match genetic and epi-
genetic diversity. With this technology, both 
virtual human and virtual mouse models 
shall be developed. In addition, models of 
speciﬁ  c cell lines shall be developed. This 
set of models shall be consistent with a set 
of cells and organisms used for drug dis-
covery and biomedical research. The reality 
of the drug discovery pipeline is that it uses 
cell lines and animal models before moving 
into clinical trial. Thus, it is important that 
not only human models, but also mouse and 
cell line models are developed with an equal 
level of quality. Accomplishment of this 
grand challenge will enable us to use com-
putational models and associated experi-
mental veriﬁ  cation systems to understand 
disease mechanisms, and to predict drug 
efﬁ  cacy, side effects, and therapeutic strat-
egy outcomes. At a workshop held in Tokyo 
in February 2008, a group of researchers 
agreed to initiate a project to create a “virtual 
human” in next 30 years (Jones, 2008). They 
also announced the Tokyo Declaration that 
reads in part as follows: “Recent advances in 
Systems Biology indicate that the time is now 
ripe to initiate a grand challenge project to 
create over the next 30 years a comprehen-
sive, molecules-based, multi-scale, compu-
tational model of the human (‘the virtual 
human’), capable of simulating and predict-
ing, with a  reasonable degree of accuracy, the 
consequences of most of the perturbations 
that are relevant to healthcare.”1
Although creation of a virtual human 
(a comprehensive computational model 
of human being) has been the subject of 
much discussion in variety of conferences 
and workshops, the real implications and 
difﬁ  culties with the model need to be re- 
addressed. There is no doubt that simula-
tion, if properly used, can be a powerful 
tool for scientiﬁ  c and engineering research. 
Modern aircrafts cannot be developed with-
out help of computational ﬂ  uid dynamics 
(CFD). CFD is one of the most successful 
computational approaches used in the engi-
neering design process.
There are three major reasons why CFD is 
now widely accepted. First, the Navier-Storkes 
equation has been well established to provide 
a computational basis for ﬂ  uid dynamics 
with reasonable accuracy. While there are yet 
unresolved issues on how to compute tabular 
ﬂ  ows accurately, the Navier-Storkes equation 
provides an acceptable practical solution for 
most needs. Second, many CFD results are 
compared and calibrated against wind-tun-
nel experiments that are highly controlled 
and extensively monitored. Due to the exist-
ence of the wind-tunnel, CFD models can be 
improved for their accuracy and reliability of 
predictions. In wind tunnels, air ﬂ  ow speed, 
temperature, and other parameters can be 
adjusted within a very small error margin, 
for example within 0.01% error margin. 
Third, decades of effort have been spent on 
improving CFD and related ﬂ  uid dynamics 
research. Thus, the current status of CFD is 
a result of decades of effort.
For computer simulation and analysis in 
biology to parallel the success of CFD, it must 
establish a fundamental computing paradigm 
comparable to the Navier-Storkes equation, to 
create a wind-tunnel equivalent for biological 
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Layer scaling means that the model can 
incorporate multiple layers of description 
from the sub-cellular, cellular, and tissue 
level to the whole organism and assembly 
of organisms. This is a non-trivial issue 
because each layer may have different 
modalities of operation and a suitable way 
to represent these layers into models in a 
consistent and integrated manner is yet to 
be understood.
Finally, scope scalability can be deﬁ  ned 
as the capability of modeling approach to 
allow for an integrated treatment of both 
interactions between the layers and the 
physical structures (Kitano, 2006). While 
many models often used in systems biol-
ogy focus on molecular interactions and 
gene regulatory networks, they often neglect 
the important structures and dynamics of 
intracellular and intercellular systems as 
well as the whole body. This is especially 
the case for physiological studies. For 
example, models that combine cytoskele-
ton dynamics, hence cell deformation and 
movements, with molecular and genetic 
interactions are at best rare, but more typi-
cally totally lacking.
It must be emphasized that one must 
ﬁ  rst clearly establish what scientiﬁ  c ques-
tions are to be answered by using com-
putational approach before the model of 
the biology system is developed. While 
this criterion has been already stated, it 
is so critical for the success but all too 
frequently forgotten during the course 
of model development that I shall repeat 
the point again. Mere attempts to create 
computational models that behave like 
an actual cell and organisms does not in 
themselves constitute a good scientiﬁ  c 
practice. It must be remembered what 
simulation and modeling represent is 
an abstraction of the actual phenomena. 
Without ﬁ  rst carefully framing the scien-
tiﬁ  c questions, a proper determination of 
the right level of abstraction and the scope 
of the model to be created is not possi-
ble. This is also the case in CFD. CFD as 
used in racing car design has a clear and 
an explicit optimization goal, namely to 
maximize the downward force while mini-
mizing drag. The problem for biological 
simulations is that the information to 
be discovered by the simulation is much 
more complex than needed for racing car 
design. However, the questions must be a 
well-deﬁ  ned one in order to make the best 
and the expected insights to be gained from 
the model would be economically inefﬁ  cient 
and unlikely to be successful.
It should also be noted that CFD is not 
the only tool used for aerodynamics design. 
F-1 racing cars are initially designed using 
CFD (in silico), then further investigated 
using wind tunnel (in physico), followed by 
actual run at the test course (in vitro) before 
being deployed in actual races (in vivo). 
CFD in this case is used for initial search of 
candidate designs that are subject of further 
investigation and modiﬁ  cation based upon 
results obtained from wind tunnel testing. 
This sequence of computational design fol-
lowed by physical testing (experimentation) 
is the key for success in engineering design. 
It is highly likely the same would be true 
for biology. If so, a series of corresponding 
experimental platforms and methodologies 
may need to be developed to make the best 
use of the results obtained from the com-
putational modeling approach.
Looking at the modeling platform, there 
are three major issues: scaling, sharing, and 
merging of biological models. The scaling 
problem, in turn, has three aspects: prob-
lem scaling, layer scaling, and scope scaling. 
Problem scaling means that the approach 
or computing framework enable models to 
get larger and larger to cover a substantial 
part of the organism. Developing a large-
scale model is beyond the scope and capa-
bility of a single laboratory, and, in fact, 
may not even be possible within a national 
framework. It is critically important to 
establish an international collaborative 
framework to provide the infrastructure 
necessary to supports these activities in 
order to develop large scale models. This 
issue is directly related to the issue of shar-
ing and merging of models. This requires 
installation of platform that fosters a glo-
bal initiative. For example, there must be a 
mechanism by which the multiple models 
developed by different research groups 
can be combined into a single consistent 
model. Of course, an underlying assump-
tion is that the models can be shared, 
requires well-informed communication 
within the community and the establish-
ment of standards for models as seen in 
SBML (Hucka et al., 2003)2 and SBGN 
(Le Novere et al., 2009)3.
experiments, and to maintain a constant focus 
on these problems for decades. Of course, the 
biological system is much more heterogene-
ous and complex than ﬂ  uids, but a set of basic 
equations must be established so that funda-
mental principles behind the computations 
point in the right direction. It is essential that 
both interaction networks and the physical 
structures are modeled together so that the 
resulting model provides an improved real-
ity, particularly for high-resolution modeling 
of complex mammalian cells. Second, highly 
controlled and high-precision experimental 
systems that will serve as the “wind-tunnel” in 
biology are essential. Microﬂ  uidics and other 
emerging technologies may provide us with 
experimental paradigms that have remark-
ably high precision (Balagadde et al., 2005).
Even if technologies can be developed, 
their full potential can not be reached unless 
they are used properly. There are, at least, 
two issues that must be carefully examined 
in order to make the best use of a computa-
tional simulation. First, the purpose of simu-
lation has to be well deﬁ  ned, and model has 
to be constructed to maximize the purpose 
of the simulation. This affects the choice of 
modeling technique, levels of abstractions, 
the scope of modeling, and parameters to 
be varied. Second, the simulation needs to 
be well placed in the context of the whole 
analysis procedure. In most cases, simula-
tion is not the only methods of analysis. 
Thus, the part of analysis that uses numeri-
cal simulation and the other parts that use 
non-simulation methods must be well 
coordinated in order to maximize overall 
success of the analysis activity. An exam-
ple from racing car design illustrates these 
issues. CFD is extensively used in Formula-1 
car design in order to obtain optimal aerody-
namics (Ziemelis and Wenz, 2004); that is, a 
higher downward force coupled with a lower 
drag. Particular interest has been placed on 
effects of various aerodynamics components 
such as front wings, rear wings, and ground 
effects. However, the complicated interfer-
ence between front wings, suspension mem-
bers, wheels, and break air intake ducts must 
also be investigated. Combustion in engine 
is the other issue where simulation studies 
are often used, but simulated separately from 
CFD model. This exempliﬁ  es the practice 
of proper focus and abstraction. Thus, one 
can infer from this example that attempts to 
create a computational model of the human 
being without deﬁ  ning the model’s use cases 
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insights despite the fact that important 
insight is often gained by efﬁ  cient use of 
these models and maps. Just like an engi-
neer who can design and build a great car 
without being a great driver, those who 
develop precision models and maps can 
provide functional insights that others 
can experimentally conﬁ  rm or refute. In 
a similar fashion, being a great driver does 
not means that one can design and build 
a great car. Thus, someone who can gain 
insights from the models and maps may 
not be the one who can actually develop 
the resources used in the model. Model 
and map construction are engineering 
and infrastructure work that requires 
speciﬁ  c skills and dedication that provide 
resources essential for promoting systems 
physiology and such contributions need to 
be properly credited. A major goal of this 
journal is to establish an innovative forum 
of scientiﬁ  c exchange in the new area of 
web-based scientiﬁ  c activity.
A grand challenge for systems physiol-
ogy entails this exciting objective. We need a 
series of innovations, discoveries, collabora-
tive efforts, and dedications to accomplish 
it. The impact will be massive.
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use of computational machinery. With the 
right question and framing of problem, 
the model can become the starting point 
for a broad range of applications.
The discussion as presented so far outlines 
a new set of problems and challenges that has 
not been common in traditional biomedical 
sciences. This fact may have implications on 
how scientiﬁ  c communications, including 
journals, need to be organized and directed. 
For example, models and other resources 
that are gaining more importance have not 
been properly credited. There needs to be 
mechanisms by which proper credit can be 
assigned to the large groups of international 
experts who contribute to the incremental 
improvement of existing models and other 
knowledge resources. The proper consoli-
dation of knowledge is as equally impor-
tant for scientiﬁ  c advancement as are novel 
discoveries because the simple assembly of 
isolated knowledge, regardless of original-
ity of discovery itself, does not enable us to 
achieve the grand challenge.
In order to resolve this issue, this jour-
nal attempts to provide a forum for the 
publication of modeling and mapping 
studies, results that have often been dif-
ﬁ   cult to publish. The development of 
precision models, molecular interactions 
maps, and other knowledge-intensive 
resources are critical for the advancement 
of systems physiology and systems biol-
ogy. In the past, the value of submissions 
describing these results have not been 
fully appreciated due to the assumption 
that these studies fail to provide novel 